INTRODUCTION {#sec1-1}
============

Approximately 80% of the cellular proteins are dependent on proteasomes for their turn-over ([@ref1]). In cell cycle, this process was controlled by the anaphase promoting complex (APC) and the SKP1-CUL1-F-box protein (SCF). The APC has two active forms namely APC^cdc20^ and APC^cdh1^ whose functions are divided into two groups: cell-cycle dependant and non-mitotic functions ([@ref2]). APC^Cdc20^ is active during the M phase of the cell cycle, while APC^Cdh1^ regulates the mitotic exit and the G1 phase as well as cell entrance to the S-phase by recognition of the forkhead box M1 transcription factor (foxM1) and its proteolysis ([@ref3][@ref4]). In addition, in quiescent cells, APC^Cdh1^ is constantly active, resulting in the degradation of Geminin, cdt1 and Cdc6, parts of the pre-replication complex, that prevents DNA replication ([@ref5][@ref6]). Inhibition of cdh1 could arrest the cell cycle in the end of M and G1 phase ([@ref7]). It has recently been shown that an inhibitory system of the APC/C^Cdc20^ and APC/C^Cdh1^ is critical for the accurate chromosome segregation in the presence of unsatisfied kinetochore-microtubule attachments ([@ref8]). Several studies have been carried out on the functions of APC in the nervous system. In brain, APC/C^Cdh1^ plays a role in the stability of the glycolysis/pentose phosphate pathway by degrading the 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3 (PFKFB3) ([@ref9]). This 'metabolic program' has enormous impact on neuronal survival ([@ref10]). Another non-mitotic function of the Cdh1 is related to the control of mitochondrial metabolism, dynamics, and biogenesis which coordinates the cell proliferation with activation of the mitochondrial metabolic machinery ([@ref11]). Therefore, study of the APC can trigger the development of a novel treatment of neurodegenerative disorders.

The APC will be active after binding to its co-activators Cdh1 and Cdc20 proteins known as WD40 activators ([@ref12][@ref13]). The co-activators bind to the C-terminal TPR motifs of APC3 and APC8 through the IR domain in the C-terminal region ([@ref14][@ref15][@ref16]). Although the IR motif of Cdh1 is bound to TPR groove of the APC3, C-box interacts with other regions ([@ref15]). Photo-crosslink and a site-directed mutagenesis study of human Cdh1 binding to APC3 have shown that an amino acid near the N-terminal side of C-box (Ser-51), IR tail in the C-terminal (Phe-489) and conserved residues in the WD40 domain (Ser-400 and Phe-444) of Cdh1 could directly bind to APC3. The co-activator binding to the APC is associated with some conformational changes because in vitro experiments on Xenopus egg extract showed that Nek2A (bind to APC without any activator) can be ubiquinated only in the presence of the C-box region of the co-activator ([@ref17]). This hypothesis is also supported by the conformational changes in Cryo-EM map of APC^Cdh1^ ([@ref18]).

It has been shown that cdh1 over-expression is associated with pathogenesis of different types of cancers ([@ref19][@ref20][@ref21]). Disruption of the APC^Cdh1-Skp2^ cascade in breast cancer is correlated with aggressive clinical behaviour and poor prognosis ([@ref22]). Genomic instability and tumor suppression stem from the over-expression of the APC co-activator, Cdh1 ([@ref23]). Since, the mutant embryos died in the early stage of life due to a defect in the endo-reduplication and structural chromosomal aberrations in Cdh1 was considered as a haplo-insufficient tumor suppressor ([@ref23]). The occurrence of mitotic slippage in the presence of nocodazole, a dilemma for cancer treatment, has been related to the cdh1. Thus, the prevention of such an event together with the APC/C-Cdh1 inhibition might be a useful approach in cancer therapy with mitotic spindle poisons ([@ref8][@ref24]). The over-expression of APC substrates (securin, Plk1, Skp2, and aurora A), inhibitor (Emi1) and activator (Cdh1) has been revealed by a tissue microarray analysis on 1600 cancer tissues ([@ref20]). Moreover, the uniformity of Cdh1 over-expression in malignant tumors would be valuable evidence of the role of Cdh1 in cancer pathogenesis ([@ref20]). Therefore, the aims of this study were a three-dimensional structure prediction of the DW40 region of cdh1 and design the inhibitory compounds based on structural information. The results showed that cdh1 is composed of many beta-sheets which circle around a central axis. Furthermore, the designed compounds had a high affinity to cdh1 as a drug target. The results are useful for targeting cdh1 as a target in cancer treatment.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Structure prediction {#sec3-1}

Homology modeling (HM) protocol was used for prediction of the WD40 domain of cdh1. HM was performed using the MODELLER 9.11 package ([@ref25]). This software works based on satisfaction of the spatial restraints method, which uses geometrical information (protein data bank, PDB file) to make a probability density function for the position of each atom in the protein ([@ref26]). Structure prediction process involves steps including fold assignment, target-template alignment, model building, and model evaluation ([@ref25]). Sequence-structure alignment against PDB database was carried out using BLAST toolkit ([@ref27]) to find homolog structures as a template in HM. Ten-thousands models were generated and the best model was selected according to the DOPE score ([@ref25]).

### Molecular dynamics simulation {#sec3-2}

The best model was refined with molecular dynamic (MD) simulation in Gromacs 4.5.4 ([@ref28]). Force field parameter was the Amber99SB-ILDN force field ([@ref29]). TIP3P Water model was embedded to the box as solvent ([@ref30]). The system was neutralized by adding Na and Cl at concentration of 0.15 M, similar to the cell environment. In the position-restrained step, all hydrogen atoms were allowed to relax with the fixed heavy atoms for 50 pico seconds (ps) with step size of 2 femto seconds (fs). This time is the time for making and disruption of the smallest bound, hydrogen bound, in biological system. All bonds were constrained using the linear constraint solver (LINCS) algorithm ([@ref31]). A smooth particle mesh Ewald (PME) method was applied for electrostatics and van der waals (VDW) interactions with the cutoff of 1.4 nm ([@ref32]). PME was used to calculate the electrostatic interactions with grid spacing of 0.16 nm. The final step of MD simulations was performed with the time step of 2.0 fs for 10 nano second (ns). Energy analysis (temperature, pressure, potential energy, and kinetic energy) and the structure convergence were performed via root mean square deviation (RMSD) against the starting structure and the average structure was investigated. Radius of gyration was calculated to study the global structure in each time. This structure was validated by study of the torsion angles of the protein backbone (phi and psi) via PROCHECK software, Z-score, verify3D, prosaII score, and molprobity ([@ref33][@ref34]). Ramachandran (phi against psi) plot showed the secondary structure of amino acid and stereochemical quality of amino acid coordination based on torsion angel.

### Virtual screening and molecular docking {#sec3-3}

In order to find the appropriate molecules for docking, structural similarity search approach was used in the ZINC database ([@ref35]) against C1C (1-(2-carboxynaphth-1yl)-2-naphthoic acid) as standard compound ([@ref36]). Similarity index was defined at 50% for finding more compounds and for increasing the accuracy. Moreover, the substructure of the compounds was downloaded in the MOL2 format. Ligand and receptor preparation including hydrogen and charge adding and miss-atoms repairing were conducted using ADT4.2 toolkit ([@ref37]). Then, the docking was performed using vina-autodock ([@ref38]). The interacting residue diagram was drawn by LigPlot+ software ([@ref39]). The bioactivity of designed compounds was calculated by means of MOLINSPIRATION server.

RESULTS {#sec1-3}
=======

 {#sec2-2}

### Structure prediction and validation {#sec3-4}

As mentioned above, the WD40 domain of cdh1 plays a critical role in the substrate recognition and APC activation. Therefore, a computational method was used for structural prediction and inhibitory compounds designing. Domain analysis by means of InterProScan showed that cdh1 contains five WD40 repeats in tandem manner in the C-terminal region (230-471) ([Fig. 1](#F1){ref-type="fig"}).

![Pattern of domain distribution in cdh1. DW40 repeat domains seen in tandem manner from central until C-terminal region.](RPS-10-59-g001){#F1}

The 3D structure of the domain was predicted via crystallography structure of cdc20 (PDB ID: 4GGA) as a template in HM. This structure was found in the sequence-structure alignment by BLAST software against PDB data bank. Since the Cdc20 has WD40 domain and a similar function to the cdh1 in the cell cycle, it would be a suitable template for HM (Identity; 41%, E-value; 1.4e-53) ([Fig. 2](#F2){ref-type="fig"}). The best model was selected based on the DOPE score among 10,000 generated models in MODELLER software. The overall structure folded into a canonical seven-bladed β propeller in which the length of the blade was raised gradually ([Fig. 3A](#F3){ref-type="fig"}). Each WD40 repeat contains four sheets in anti-parallel orientation apart from the first blade which has three sheets as shown in [Fig. 3A](#F3){ref-type="fig"}. In the repeats, the longest sheet was positioned in the outer wall and the smallest one was in the center of the structure. Such orientation helps to generate a complete circle structure. Each blade is bound to the neighbourhood one via the connection of its smallest sheet (inner) to the longest sheet (outer) of the next blade ([Fig. 3B](#F3){ref-type="fig"}). The structure quality was confirmed by the Ramachandran and RMSD plots (Figs. [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). The RMSD showed that the predicted structure was stable after 4 ns simulation. Statistical analysis of Ramachandran plot illustrated that 91% (243 amino acids) of residues are located in the most favored region, 8.2% (22 amino acids) in additional allowed region and 0.7% (2 residues) in generously allowed region ([Fig. 4A](#F4){ref-type="fig"}). On the other hand, no residues in disallowed region was found. Therefore, the coordination of residues in the predicted model was correct.

![Sequence-structure alignment of cdh1 and cdh20. Alignment of 4GGA structure, cdc20, with cdh1. The starfish mark showed conserved residues and similar amino acid is shown by point mark. This alignment used for model building in homology modelling.](RPS-10-59-g002){#F2}

![Cartoon representation of structural model of cdh1. A; Top view showing a front of cdh1 which is composed of seven blades with different lengths around the central axis. The down view showed the edge of the structure which contains many beta-sheets in anti-parallel orientation. B; Binding pattern of DW40 domain to each other in inner to outer mode.](RPS-10-59-g003){#F3}

![Structural validation of the cdh1 model. A; In Ramachandan plot all of residues are seen in allowed region B; Root mean square of deviation (RMSD) showed that the cdh1 structure model is energy minimized after 4 ns simulation and had conformational change in each two nano-seconds.](RPS-10-59-g004){#F4}

### Virtual screening and molecular docking {#sec3-5}

As mentioned above, the APC activation is dependent on the binding of Cdh1 to the APC via the WD40 domain.

Inhibition of the DW40 domain in yeast causes activity inhibition ([@ref36]). Therefore, in this study the virtual screening was used to determine a similar compound to C1C (1-(2-carboxynaphth-1yl)-2-naphthoic acid), which is known as WD40 inhibitor ([@ref36]). By the structural similarity search in the ZINC database against C1C with 50% similarity, 1015 compounds were found. For ligand preparation, the resulted compounds were introduced to AutoDock 4.2 as input in Mol2 format. Then, molecular docking was performed in Vina-autoDock. After docking, the best four compounds were selected based on the binding score ([Table-1](#T1){ref-type="table"} and [Fig. 5](#F5){ref-type="fig"}). Druggability of the selected compounds was done by computation of drug-likeness properties. The drug-likeness and bioactivity scores of the compounds were evaluated with the help of Lipinski\'s rule, which are summarized in [Table 2](#T2){ref-type="table"} and [Table 3](#T3){ref-type="table"}, respectively. As shown in [Table 4](#T4){ref-type="table"}, the binding energy of these compounds is between -8.3 kcal/mol and -7.6 kcal/mol. Binding of the best ligands with Cdh1 is shown in [Fig. 6](#F6){ref-type="fig"}. Among these, the binding pocket of the C compound, which had the highest binding affinity, was visualized in the stick model ([Fig. 6B](#F6){ref-type="fig"}) and a spatial connectivity between the ligand and the binding pocket residues was observed. The two-dimensional representation of this binding pocket revealed nine van der Waals interactions with Cdh1 ([Fig. 6C](#F6){ref-type="fig"}). In this binding model, aromatic carbon and COO group are involved in interaction. The binding sites of the C compounds were found to be TRP 196, ALA 239, ALA 195, Trp 240, Leu238, Lys153, Thr156, Trp112, and Trp154.

![Two-dimensional representation of the best compounds. A; Bilirubin di-acyl-?-d-glucuronide (ZINC ID: 65734826), B; Benzo\[k\] fluoranthene-7,12-dicarboxylic (ZINC ID: 44225038), C; 7-(8-carboxy-2-naphthyl) naphthalene-1-carboxylic (ZINC ID: 59939927) and D; Fluoranthene-1,2-dicarboxylic (ZINC ID: 60162276).](RPS-10-59-g005){#F5}

![Binding pocket of cdh1 inhibitors. A; Binding of compounds to chd1 in stick view. C1C and D and A compound bind to same place in edge region but B and C compounds bind to the centres of structure (the C1c, A, B, C and D compounds are shown in red, orange, blue, yellow and cyan colors, respectively. B and C; Binding pattern of C compound as the best ligand in stick and two-dimensional representation.](RPS-10-59-g006){#F6}

###### 

Designed inhibitory compounds for Cdh1 inhibition.

![](RPS-10-59-g007)

###### 

Druggability of Cdh1 inhibitory compounds.

![](RPS-10-59-g008)

###### 

Bioactivity of Cdh1 inhibitory compounds.

![](RPS-10-59-g009)

###### 

Binding energies of the compounds (kcal/mol). For each compounds, different conformation clustered in nine classes based on energy score.

![](RPS-10-59-g010)

DISCUSSION {#sec1-4}
==========

The APC, as the largest E3 ligase with 15 subunits, contains RING-Cullin, TPR and DW40 domain ([@ref40]). The APC activation is dependent on the binding to the DW40 domain of cdh1. The DW40 domain mediates protein-protein interaction ([@ref41]). Cdh1 via this property could recognize a wide range of substrates and APC subunits ([@ref42]). In the current study, the structural model of human cdh1 was predicted using homology modelling and molecular dynamics. Then, in order to find the inhibitory compounds for cdh1 inhibition, virtual screening and molecular docking were applied. The results showed that cdh1 structure is composed of seven blades around a circle axis ([Fig. 3](#F3){ref-type="fig"}). Such planar structure could help to recognize substrates with different lengths. In molecular dynamic simulation, after 4 ns, the structure was stable, but, as shown in [Fig. 4](#F4){ref-type="fig"}, there was a repeated conformational change in every two seconds. This was seen in APC10 which is involved in the recognition of the substrate ([@ref43]). A possible hypothesis would be the acceleration of these subunits binding to the substrates with different conformations. The overall structure of the WD40 domain is similar to the other WD40 proteins such as Cdc20 and Wdr5 ([@ref44][@ref45]); however, the blades are greater, the first one is composed of a smaller sheet and the outer sheet is missing ([Fig. 3](#F3){ref-type="fig"}). Furthermore, the size of the central hole is shorter than that of the Cdc20 ([@ref45]). Although, the human Cdc20 x-ray showed the close orientation of the N-terminal and C-terminal, such a structure was not observed in the present study.

Virtual screening and structure based drug designing (known as rational drug design) were used to design new inhibitors ([@ref46][@ref47]). There are several examples of approved drugs which are designed by using this strategy. The first example is dorzolamide (trade name Trusopt, (Merck), which is used for glaucoma treatment. The second example, captopril, is a drug that lowers the blood pressure. Enalapril, another effective ACE inhibitor, is a further development of captopril. Thus, this methodology was selected for finding the inhibitory compounds of cdh1. The low concentration (12 μM) of C1C could inhibit the yeast SCF in tube ([@ref36]). In this study, the four selected compounds had higher affinity (\>-8) in comparison with C1C (-7.6) ([Table 4](#T4){ref-type="table"}). It has been shown that cdh1 inactivation may lead to cell cycle arrest ([@ref48]). The correlation of over-expression of the APC co-activators (cdh1 and cdc20) with the pathogenesis of different types of cancers was presented by several studies ([@ref19][@ref20][@ref21]). Therefore, these compounds are able to inhibit the cdh1. Moreover, proteins which contain DW40 domain such as cdc20 and SCF have a regulatory role in the cell cycle ([@ref36]). In conclusion, cdh1 inhibition would be a potential drug target and the designed compounds may be useful for cancer treatment.

CONCLUSION {#sec1-5}
==========

In this study the structural model of cdh1 was predicted by means of computational methods. The resulted structure is propeller-like and contains seven blades. Also we designed inhibitory compounds based on structural model. These compounds bound to Cdh1 in high affinity and carboxilic and aromatic groups are involved in the interaction. Study the effect of designed compounds on cancer cell lines could help to understand the effect of cdh1 inhibition in cell cycle arrest.
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